A powerful approach to documenting engraftment after allogeneic BMT is the quantification of the degree of chimaerism in distinct haematopoietic cell lineages. This cannot be achieved by the recently developed, quantitative, modifications of PCR amplification of highly polymorphic DNA markers, unless this technique is applied to separated cell populations. Here, we report the development of a new method, in which cells are simultaneously characterized by enzymatic immunophenotyping and identified for their origin by twocolour fluorescence in situ hybridization with X and Y chromosome-specific DNA probes (XY-FISH/immunostaining). The method enables the rapid, reliable and quantitative analysis of chimaerism within distinct cell lineages after sex-mismatched BMT, without the requirement for cell separation techniques. This is illustrated by investigation of the pattern of chimaerism in patients receiving a sex-mismatched BMT for the treatment of primary immunodeficiencies. The results obtained with the quantitative XY-FISH/immuno staining method show a good correlation with the data generated by the semi-quantitative analysis of PCR amplified minisatellites in FACS-sorted cell fractions. In addition, XY-FISH/immunostaining was successfully applied to detect materno-fetal engraftment of T cells in a SCID patient. Keywords: BMT; chimaerism; XY-FISH; immunophenotyping Investigation of haematopoietic chimaerism after allogeneic BMT is relevant to the documentation of early engraftment, graft rejection, leukaemic relapse as well as the occurrence of incomplete engraftment, ie mixed or split chimaerism. [1] [2] [3] [4] In general, two different strategies are pursued to investigate the pattern of chimaerism within distinct haematopoietic cell lineages. First, the cell (sub)populations of interest are isolated by FACS-sorting or immunomagnetic bead fractionation after labelling surface membrane antigens selectively expressed on these cells. The donor and/or recipient origin of the isolated cells can be determined by PCR amplification of highly polymorphic DNA markers, such as mini-and micro-satellites. [5] [6] [7] Second, in the case of sex-mismatched BMT, cells are simultaneously characterized for their lineage affiliation and donor or recipient origin through the combination of immunophenotyping and detection of the presence of the X or Y chromosome by in situ hybridization. [8] [9] [10] [11] [12] This method generates quantitative data, can be completed within 2 days, and requires only a small number of cells. The main disadvantages are that its use is limited to sex-mismatched BMT and, more importantly, that hybridization with a single chromosomal probe leaves room for speculation concerning the origin of some cells, due to the inevitable imperfection of the in situ hybridization procedure. The latter problem can be circumvented by the simultaneous usage of X-and Y-specific DNA probes, and by the application of the presence of two sex chromosomal signals as the scoring criterion in any cell. [13] [14] [15] In the current report, we describe a cytochemical method in which X and Y chromosomes are simultaneously detected at the single cell level by two-colour fluorescence in situ hybridization (XY-FISH) in combination with enzymatic immunophenotyping. The method was designed for the rapid screening of immunolabelled cells using phase contrast light microscopy, followed by the evaluation of their X/Y chromosome status by fluorescence microscopy. The applicability of this technique to study chimaerism in subpopulations of PBMC after sex-mismatched BMT is illustrated in recipients showing different patterns of mixed and split chimaerism after transplantation for primary immunodeficiencies. The data are compared with results obtained by the previously described method of PCR amplification of minisatellites in FACS-sorted subpopulations. 
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Materials and methods

Immunostaining of membrane antigens
PBMC were isolated from EDTA-containing blood samples by Ficoll density gradient centrifugation. Interface cells were washed twice with PBS containing 1% (w/v) BSA (PBS-BSA) and incubated for 30 min at 37°C in PBS-BSA between the washings. The various cell populations present among PBMC were identified according to the surface expression of lineage-specific antigens. The following moAbs were used: CD3 (T3; Coulter, Miami, FL, USA), CD20 (B1; Coulter), CD16 (B73.1; kindly provided by Dr G Trinchieri, Philadelphia, PA, USA), and CD14 (Leu-M3; Becton Dickinson, San José, CA, USA). PBMC (0.5 × 10 6 cells) were incubated with the respective moAbs, diluted in PBS-BSA for 30 min at room temperature (RT), followed by two washings with PBS. Forty microlitres of the cell suspensions, containing 100 000 cells, were deposited on glass microscope slides by cytocentrifugation. The preparations were air dried. At this stage, the slides can be wrapped in cellophane and the preparations can be stored for months at −20°C.
Fixation was performed in PBS containing 2% (v/v) formaldehyde for 5 min at RT. The slides were rinsed three times for 5 min with PBS and twice with 0.1 M Tris-buffered saline, pH 7.5 (TBS). To prevent non-specific binding of antibodies during the moAb detection procedure, the preparations were incubated for 20 min at RT with 50 l of TBS containing 0.5% (w/v) blocking reagent (Boehringer Mannheim, Mannheim, Germany; TBS-BMP). To detect the presence of moAbs bound to the surface membrane antigen, the preparations were successively incubated with 50 l of biotinylated goat anti-mouse Ig (Dako, Glostrup, Denmark; 1:400 diluted in TBS-BMP) for 30 min at RT, rinsed three times for 5 min with TBS, incubated with 50 l of alkaline phosphatase-conjugated streptavidin (Dako; 1:300 diluted in TBS-BMP) for 30 min at RT, and again rinsed three times in TBS. The substrate solution consisted of Vector Blue and 1 mM levamisole (Sigma, St Louis, MO, USA) in 0.1 M Tris-HCl, pH 8.2, prepared according to the manufacturer's instructions (Vector Laboratories, Burlingame, CA, USA). After addition of 50 l of the substrate, the preparations were covered with a glass coverslip. The slides were turned upside down and incubated for 20 min in the dark at RT. Finally, the slides were rinsed once with distilled water and the preparations were directly subjected to in situ hybridization.
In situ hybridization
Immediately after finishing immunophenotyping of PBMC on cytospin preparations, fluorescence in situ hybridization (FISH) was carried out for the simultaneous detection of X and Y chromosomes in the interphase nuclei of single cells. The immunostained preparations were successively fixed in methanol for 10 min at RT, rinsed twice with PBS, fixed for 10 min in PBS containing 1% (v/v) formaldehyde, rinsed three times with PBS, dehydrated through an ethanol series of 70, 90 and 100%, and finally air dried. The DNA probes used for detection of the sex chromosomes were pBam X5, a human satellite centromeric X chromosome probe, 16 and pY 3.4, a human Y chromosome heterochromatin probe. 17 Fluorescent labelling was performed by nick translation using FITC-12-dUTP (Boehringer) for the pBam X5 probe and cyanin-3 dUTP for the pY 3.4 probe. The hybridization mixture consisted of 60% (v/v) deionized formamide in 2 × SSC/35 mM sodium phosphate buffer pH 7.0 (20 x SSC: 3 M NaCl and 0.3 M tri-sodium citrate, pH 7.0), containing at final concentrations: di-sodium EDTA (2.5 mM), herring sperm DNA (0.01% w/v), yeast RNA (0.01% w/v), dextran sulphate (10% w/v) and fluorochrome-labelled DNA probes for the X and Y chromosomes (1 ng/l each). Ten microlitres of this mixture were applied per slide and the preparations were covered with a coverslip. Intracellular DNA and the DNA probes were denaturated simultaneously by heating the slides on a prewarmed aluminium plate for 4 min at 80°C. For each new preparation of combined X and Y DNA probes, the duration of the denaturation step has to be carefully determined to assure optimal signals. Hybridization was performed at 37°C during overnight incubation of the slides turned upside down in a container moistened with 60% (v/v) formamide in 2 × SSC. The next day, the preparations were washed three times for 10 min with preheated 2 × SSC at 42°C in a shaking waterbath, and twice for 5 min at RT with PBS. After dehydration was performed as described above, the slides were mounted with antifade Vectashield mounting solution (Vector Laboratories) containing 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI, 40 ng/ml) to counterstain the nuclei.
The quality of each batch of labelled probes was determined in control experiments on cells from male and female blood bank donors. In situ hybridization was performed on cytospin preparations of unstained PBMC after methanol/acetic acid (3:1 v/v) fixation. The signal intensity and the presence of two signals in at least 99% of the counted nuclei were applied as quality control parameters.
Microscopic analysis
Cells were examined for the presence of enzymatic staining of membrane antigens, DAPI staining of DNA, and fluorescent chromosomal staining using a Zeiss Axioscope 20 epi-fluorescence microscope (Zeiss, Oberkochen, Germany) equipped with a HBO-100 light source. Triple band pass excitation and emission filters for DAPI/FITC/Cy-3 (Chromatec, Brattleboro, VT, USA) were applied to enable the combined detection of blue (DAPI), green (FITC) and red (Cy 
FACS/PCR-VNTR analysis
Detection of chimaerism in flow-sorted cell subpopulations by PCR amplification of variable number of tandem repeats (VNTR) markers was performed as described previously. 4, 5 In short, PBMC were stained with the following combinations of fluorochrome labelled moAbs: CD3 (Leu-4-FITC; Becton Dickinson) combined with CD16 (Leu-11c-PE; Becton Dickinson), CD19 (Leu-12-PE; Becton Dickinson) combined with CD20 (OKB20-FITC; Ortho Diagnostics, Raritan, NJ, USA), and CD14 (Leu-M3-PE; Becton Dickinson) combined with CD33 (Leu-M9-PE; Becton Dickinson).
+ CD3 − NK cells and CD14 + CD33 + monocytes were sorted by two-colour flow cytometry using a FACStar flow cytometer (Becton Dickinson). Informative VNTR markers were amplified by PCR and specific amplification products were detected by electrophoresis, Southern blotting and hybridization, as described elsewhere. 
Results
Staining of membrane antigens
To prevent interference of the background of alkaline phosphatase staining with the red Cy-3 fluorescent signal, dilutions of moAbs, biotinylated goat anti-mouse Ig and alkaline phosphatase-conjugated streptavidin have to be optimized by checkerboard titrations. In addition, colour development during substrate incubation has to be followed by light microscopy, to terminate the reaction in due time. The staining of membrane antigens was not affected by the in situ hybridization procedure (data not shown).
In situ hybridization
The efficiency of the detection of sex chromosomes by XY-FISH was у98% for the simultaneous detection of the X and Y chromosome in males, and у96.5% for the detection of two X chromosomes in females (Table 1) . Hybridization with the X and Y probes was not affected by the preceding procedure of immunostaining of membrane antigens. Figure 1 shows a representative result of XY-FISH combined with immunostaining of male CD3-positive T cells. Indirect alkaline phosphatase staining gave a good discrimination between CD3-negative and CD3-positive cells, and the cells retained their morphology after completion of the whole procedure (Figure 1a ). In addition, simultaneous detection of the fluorochrome labelled X and Y chromosomes was highly efficient and not affected by the immunostaining of CD3 (Figure 1b) .
Sensitivity of XY-FISH combined with immunostaining
To given in Table 2 . A good correlation was found between the calculated input and the measured ratio of male and female derived CD3 + T cells, irrespective of the composition of the mixture. Furthermore, counting of 200 CD3 + cells allowed the specific detection of as few as 2% of male or female cells among the T cell population. This observation underlines the sensitivity of the technique, as after XY-FISH no XX containing cells were detected in PBMC derived from male subjects, and XY containing cells were not found in PBMC of female individuals.
Applications
The pattern of chimaerism within the T cell (CD3), B cell (CD20), NK cell (CD16) and monocyte (CD14) populations was investigated in PBMC obtained from eight children after sex-mismatched BMT for primary immunodeficiencies. BMT-related variables and data on lymphocyte reconstitution at the time of investigation are given in Table 3 . The recovery of the humoral and cellular immune functions in five out of the six patients transplanted for SCID have been described before. 4 XY-FISH combined with immunostaining was applied along with PCR amplification of minisatellites in cell populations isolated by FACS-sorting (FACS/PCR-VNTR: FPV). 5 The results are given in Table 4 and show a good concordance between the quantitative XY-FISH/immunostaining and the semiquantitative FPV analysis. In three BMT recipients, complete donor chimaerism was detected in all cell populations. The remaining five children showed complicated patterns of chimaerism, in which the T cells originated mainly from the donor and the monocytes remained of recipient origin, whereas mixed chimaerism was found especially in the B cell population. This is illustrated in Figure 2 , showing the result of the application of XY-FISH combined with CD20 immunostaining on PBMC of the female BMT recipient UPN 017. The cell positively stained for surface membrane expression of CD20 (Figure 2a) contains two X chromosomes, whereas the majority of CD20-negative cells hybridizes with the X-and the Y-probe (Figure 2b ). 0  ND  0  017  100  56  100  3  90  67  100  33  096  100 100 100  100  100 100 100  100  112  100 100  ND  99  100 100 100  100  128  92  33  ND  ND  90  25  10  0  131  100  40  98  4  100  10  95  р5  242  100  27  85  0  90  10  90  р5  248  100  ND  100  100  100  ND  100 Two male patients with SCID were investigated for the presence of maternal T cells before BMT. In one patient, analysed at 7 months of age, the CD3 + T cells accounted for 16% of the lymphocytes and were completely of patient origin. PBMC obtained from the second child at 3 months of age did not contain B cells and showed a pattern of split chimaerism, ie the T cells (17% of the lymphocytes) were exclusively of maternal origin and the NK cell and monocyte populations were of patient origin. The findings obtained by XY-FISH/immunostaining were in complete accordance with the results of FPV analysis (data not shown).
Discussion
To investigate the origin of distinct cell lineages after sexmismatched BMT, several investigators have adopted the method originally described by Khokhar et al 8 and modified it to a dual-colour fluorescence approach as described by Price et al. 10 According to their modification, acetone-fixed cytospin preparations of PBMC were immunolabelled for a cell surface marker and the presence of the surface membrane antigen was detected enzymatically through the conversion of a substrate into a fluorescent product. The procedure of immunophenotyping was followed by in situ hybridization with biotinylated X or Y chromosome-specific DNA probes. The probes were detected indirectly by fluorochrome-conjugated reagents, and the probe-derived signal was amplified using sandwich procedures. 12, 18, 19 We, 9 and later, others, 11 combined indirect immunofluorescent surface staining of cells in suspension with the detection of X or Y chromosomes by FISH after fixation of the cells on glass slides. Using this method, the majority of cells remained morphologically intact and the detection of membrane antigens was not affected by the fixation and FISH procedure. However, the sensitivity of the detection of the Y probe in male cells was only 96%. 9 This rate of false negativity is comparable with that described by other groups 13, 18 applying combined surface immunostaining and Y-FISH, but higher than that reported by Kögler et al. 12 We reasoned that, for the indisputable assessment of microchimaerism in distinct cell populations, simultaneous detection of X and Y chromosome-specific signals in single cells characterized for the expression of surface membrane antigens is required. The sensitivity of XY-FISH for male and female genotype detection, respectively, has been reported to be high (about 99%). However, XY-FISH was usually applied to cells not further characterized by immunophenotyping 1, [13] [14] [15] 20 or only identified by physical (plastic adherent macrophages) or morphological (megakaryocytes) properties. 21, 22 To our knowledge, the combination of immunophenotyping and XY-FISH on interphase cells has only been described by Hessel et al. 23 Using triple-colour fluorescence, they have investigated the chimaeric status of Langerhans cells after sex-mismatched BMT in cryostat sections of skin biopsies, stained for CD1a and hybridized simultaneously with X and Y chromosome-specific probes. We have developed a new method, which enables the simultaneous detection in single cells of X and Y chromosomes by two-colour fluorescence in situ hybridization (XY-FISH) combined with enzymatic immunostaining of membrane antigens.
One of the advantages of this method is that surface membrane antigens are indirectly detected through the generation of a non-fluorescent product by alkaline phosphatase. Therefore, the intensity of surface staining can easily be optimized during the performance of each procedure, to prevent interference with the detection of the sex chromosomes by FISH. Fixation of the cytospin preparations with 2% (v/v) formaldehyde is essential to retain the cells on the glass slides during the staining procedure of the surface membrane antigens. After immunostaining, the cells are fixed with methanol instead of the previously applied methanol/glacial acetic acid (75%/25%), 9 because of interference of the latter fixative with the enzymatic surface membrane staining. Methanol fixation is followed by a mild treatment with 1% (v/v) formaldehyde to preserve cellular integrity. Using this method, the results of the enzymatic detection of membrane antigens on cytospin preparations are comparable with those obtained after fluorescent staining of cells analysed in suspension (data not shown). The efficiency of the detection of X and Y chromosomes by FISH on immunostained cells is above 96%, but usually does not reach 100% (Table 1) . This is mainly due to the critical dependence of the hybridization of the X probe on the denaturation time. Commercially available DNA probes, ie CEP X SpectrumOrange/CEP Y (satellite III) SpectrumGreen dual colour probe from Vysis (Downers Grove, IL, USA), were recently successfully incorporated into the described XY-FISH/immunostaining protocol.
By applying the presence of two (XX or XY) sex chromosomal signals as a scoring criterion for each cell, the degree of chimaerism in distinct cell populations can be determined quantitatively. When 200 immunostained cells are counted, as few as 2% of the minor representative in a population of cells showing mixed chimaerism can be reliably traced ( Table 2 ). The sensitivity of other approaches to quantify the degree of mixed chimaerism, ie quantitative PCR with amplification of minisatellites and competitive PCR with amplification of Y-specific chromosome sequences, has been described to be in the same order of magnitude. [24] [25] [26] The feasibility of our new method has been tested by studying the pattern of chimaerism in distinct cell lineages of patients receiving a sex-mismatched BMT for the treatment of primary immunodeficiencies. In general, there was a good correlation between the results obtained by the quantitative XY-FISH/immunostaining technique and by the semi-quantitative FPV analysis, respectively (Table 4) . Documentation of the lineage-specific chimaerism patterns in these children is relevant to get insight into the functional immune reconstitution, especially in cases transplanted with a bone marrow graft from other than HLA-identical family donors. 4, 27, 28 Finally, XY-FISH/immunostaining has been successfully applied for the detection of intrauterine engraftment of maternal T cells in a boy with T − B − SCID. Detection of maternal T cells is relevant to make a proper diagnosis, ie to differentiate a SCID patient with materno-fetal GVHD from a patient suffering from Omenn's syndrome, as these two disorders have clinical features in common. 29 In the case of a male child, XY-FISH/immunostaining is extremely useful for this purpose, because the method is sensitive and rapid and does not require separation of different cell populations, which is necessary when maternofetal engraftment is studied through the performance of HLA class I and class II typing. 30 
